Abstract-This study investigated differences in knee extensor/flexor electromyography (EMG), leg loading rate, and leg stiffness in older and younger men during stair descent. Sixteen older men (mean +/-standard deviation [SD] = 72 +/-4.5 years) and sixteen younger men (mean +/-SD = 21.2 +/-0.5 years) were recruited. The EMG signals were recorded from the rectus femoris and the biceps femoris, while an electrogoniometer measured knee joint angle changes, and a force platform recorded the ground reaction forces (GRFs). We calculated leg stiffness by dividing the first peak GRF by the corresponding leg displacement. We used the Student's t-test to examine group differences. Results showed that the older subjects had 78.6% higher preactivated EMG values in the knee extensor and 128% greater coactivity in the knee extensors/ flexors in the prelanding phase. At the impact phase, we observed leg stiffness to be 26.6% greater in the older than the younger subjects. The older subjects needed 94.6% more support time in performing push-off and also developed a compensatory strategy in stair descent, which altered the scaling of muscle preactivity and increased leg stiffness.
INTRODUCTION
One of the major problems associated with aging is increased susceptibility to falls. Falls are the leading cause of injury-related hospitalization and death in persons older than 65 [1] [2] [3] . Injuries resulting from falls include soft tissue damage and limb fractures [4] [5] . Other consequences of falls include decreased mobility, reduced confidence, and death [4] .
The largest proportion of falls in elderly people was reported to occur on stairs [6] . The risk of being severely injured may be increased during stair falls because the kinetic energies produced in stair falls may be higher than those from level falls [5] . Svantröm indicated that accidents during stair descent outnumbered those during ascent by more than 3:1 [7] . Nonuniformity of step dimensions [7] , inadequate contrast in landing-stair transitions [8] , and inadequate visual perception [9] were reported in association with stair falls. Templer et al. further indicated that the majority of stair accidents occurred on the first three and last three steps, irrespective of the length of the stairway [10] .
Diminished functioning in many physiological systems is believed to contribute to falls in elderly people. Many studies have documented age-related decline in the sensorimotor system that contributes to balance and stability while standing and walking [11] [12] [13] . Previous researchers found that successful stair descent required both accurate visualization of the stairs and proper kinesthetic feedback [14] [15] . The roles of the somatic and visual systems during stair descent are of special consequence to older adults, as both systems may be impaired in this population [16] . Despite these facts, a smooth stair descent requires good coordination of the agonist and antagonist muscles that regulate joint stiffness during the descent. Since both muscle strength and kinesthetic feedback are diminished by aging, the older individual may use a different control strategy to regulate leg stiffness than the younger individual. Therefore, this study investigated the differences in electromyography (EMG) of knee extensors/flexors, leg loading rate, and leg stiffness in older and younger men during stair descent. We hypothesized that the older mens' gait would have more muscle coactivity and consequently demonstrate a stiffer gait pattern during stair descent.
MATERIALS AND METHODS

Subjects
Subjects in this study were 16 younger men, 21.2 ± 0.5 years, and 16 older men, 72.0 ± 4.5 years old. The younger men were 1.69 ± 0.05 m in height and 62.0 ± 7.5 kg in body weight, while the older men were 1.61 ± 0.05 m in height and 63.5 ± 9.2 kg in body weight. Data presented as mean ± standard deviation. All subjects reported healthy, but sedentary, lifestyles. The younger men were university students and had no known orthopedic or neurological diseases. The older men were required to provide physician's approval before being allowed to participate in this study. Exclusion criteria for the older men included a history of falls and severe orthopedic disease or neurological conditions (i.e., stroke) that prohibited the individuals from descending stairs independently. Test methodology and possible risks were thoroughly explained to each potential subject. Subjects were then requested to read and sign an informed consent document. All experimental procedures met the ethical approval requirements of the National Yang Ming University.
Equipment and Devices
EMG signals were recorded from the rectus femoris and the biceps femoris of each subject's right leg, with the Motion Lab EMG system (Iomed Inc, Salt Lake City, Utah). The frequency response of the overall system was 40 to 4,000 Hz as defined by -3 dB. The EMG electrodes were placed over the muscles of interest following the technique recommended by Zipp [17] .
To normalize the EMG signals, we recorded maximum voluntary contraction (MVC) of knee extensors/ flexors while the right knee of the subject was fixed at 45° of flexion. In this position, the subject was asked to maximally flex or extend his knee against a static resistance for 5 s. To obtain stable maximal force prior to formal EMG data collection, we allowed enough practice time for warm-up and for the subject to be familiar with the testing procedure. We averaged the EMG readings during the middle 3 s and used them to represent the normalized value (100% MVC).
We positioned an electrogoniometer (Angle transducer TM5110; TOYO Physical Co, Ltd, Fukuoka, Japan) over the right knee and fastened it to the thigh and shank to monitor the knee joint angle. The potentiometer was calibrated at 0° and 180° before use.
The staircase we used in this study is shown in Figure 1 . The staircase contained a total of six steps. The force platform, Kistler 9281 (Kistler Instrumente AG, Winterthur, Switzerland), was installed on the concrete floor. We used the height of the force plate plus part of the mounted structure as the first step of the staircase. A wooden man-made stair with five steps was used as the second to sixth steps. Each step in this staircase had a height of 20 cm, a depth of 30 cm, and a width of 130 cm. To protect subjects during stair descent, we placed the staircase next to the wall, and a physical therapist stood on the outer side.
Consecutive EMG, ground reaction force (GRF), and knee joint angle data were simultaneously collected with a data acquisition system (BIOPAC Systems, Inc, Goleta, California) at 1,000 Hz sampling frequency. All data were analyzed with AcqKnowledge, version 3.5, software (BIOPAC Systems, Inc). We first filtered all EMG signals by a band-pass filter (20-400 Hz) and then ran them through full-wave rectification. We used the mean value of the middle 3 s of rectified EMG as the MVC. The rectified EMG data of knee extensors/flexors during stair descent were individually averaged for each phase (prelanding, impact, and push-off) and then normalized to MVC. We calculated the EMG coactivity of the knee extensors/flexors for each phase as the ratio of the mean normalized knee flexors' EMG to the mean normalized knee extensors' EMG. The GRF was normalized to body weight. All force units were transformed to Newtons.
Experimental Protocol
Each subject dressed in comfortable shorts and wore his personal shoes. Height and weight were measured. The electrogoniometer was placed on the right side of the subject's knee. The rotation center of the electrogoniometer was aligned with the lateral epicondyle.
Each subject participated in one test session of stair descent, in which five trials were recorded (excluding off-balance trials). A rest period of 30 s was provided between trials. A trial consisted of the subject's stepping off the stair with the right foot and landing with the ball of the right foot on the force plate, without excessive push-off from the upper step by the trailing leg.
To avoid producing negative impact on the stairs, we asked each subject to position his arms neutrally along the body. Arms were not allowed to swing. For safety, an experienced physical therapist stood alongside each subject during descent, but all subjects were able to execute the task without assistance.
Data Recording and Analysis
To perform quantifiable analysis of the data in stair descent, we divided the movement into three phases: prelanding, impact, and push-off. The prelanding phase was defined as the 250 ms immediately before foot contact on the force plate. The impact phase was defined as the time interval from initial foot contact on the force plate to the first relative maximum of the GRF. The pushoff phase was defined as the time interval from occurrence of the first relative maximum of the GRF to the clearance of the foot from the force plate (Figure 2) .
Loading rate was the rate of change in vertical GRF. In this study, the loading rate was defined by final 10 percent minus initial 10 percent of the first relative maximum Stair descent trial for 71-year-old man. Stair descent movement was divided into three phases: prelanding (T 1 ), impact (T 2 ), and push-off. (T 3 ). T 1 was defined as 250 ms immediately before foot contact on force plate. T 2 was defined as time interval from initial foot contact on force plate to occurrence of first relative maximum of ground reaction force (GRF). T 3 was defined as time interval from occurrence of first relative maximum of GRF to clearance of foot from force plate. QEMG and HEMG = electromyography of quadriceps and hamstrings, respectively, BW = body weight, MVC = maximum voluntary contraction. GRF and then divided by its time interval. Leg length (L) was defined as the distance from the lateral malleolus to the hip joint when the knee was flexed at 0°.
Leg displacement (Δx) was computed as the difference between the leg length and the vertical distance from the lateral malleolus to the hip joint. This value was obtained by
where L 1 was upper-leg length, L 2 was lower-leg length, and θ was knee-flexion angle. In this study, leg displacement was expressed as a percentage of each subject's leg length. The lower limb was considered two rigid bodies, thigh and shank. Based on free body diagram concepts [18] , the force applied on the hip joint (F H ) was easily obtained by
where F G was the value of the vertical GRF and W t and W s were the gravitational force of thigh and shank, respectively. Using peak value of F H at impact phase and its corresponding leg displacement, we obtained the leg stiffness (k) by
(3)
In this study, stiffness was normalized by subject's body weight (BW) and leg length. Thus, the unit of leg stiffness was BW·L -1 . The detailed model is shown in Figure 3 .
Statistical Analysis
In this study, the independent variable was age and had two levels, older and younger adults. The dependent variables included peak GRF, loading rate, leg stiffness, and mean rectified EMG of knee extensors/flexors at prelanding, impact, and push-off phases. We used descriptive statistics to understand the features of all measured parameters. We used the Student's t-test to examine the differences between the two test groups. The significant difference was set at α < 0.05. We analyzed the data using the Statistical Package for the Social Sciences software program, version 8.0 (SPSS Inc, Chicago, Illinois). Figure 2 shows one stair descent trial for a 71-yearold man. The Table lists maximal GRF, loading rate, leg stiffness, EMG activity, and coactivity data. During the prelanding phase, the older men exhibited 78.6 percent greater preactivity in knee extensors than the younger men. Knee flexor activity observed in the older subjects was also greater than that in younger subjects (p < 0.05) (Table) . Coactivity of the knee extensors/flexors in the older subjects was also greater than that in the younger subjects by 128 percent. This result indicates that the older subjects used greater coactivation of thigh agonist and antagonist muscles during the prelanding phase.
RESULTS
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Impact Phase
Knee flexion angle and leg displacement were less in older subjects compared with younger subjects. This result indicates that older adults performed the stair descent with straighter legs. The older subjects, in comparison with the younger subjects, had only 7.6 percent more maximal force applied to the foot during impact, but this difference was not significant (p > 0.05). Leg stiffness was 26.5 percent greater in the older than in the younger subjects (p < 0.05). Loading rate of the first peak GRF in older subjects was 94.2 percent greater than for younger subjects. Knee extensor EMG activity at impact showed no significant difference between the older and the younger subjects. Younger subjects had a greater increase in EMG than older subjects during the impact phase compared with the prelanding phase. The older subjects had 8.6 percent less contact time (p < 0.05) at the impact phase than the younger subjects. The older subjects also had 85.1 percent greater coactivity in the knee extensors/flexors than the younger subjects.
Push-Off Phase
The major difference in results between the two test groups during the push-off phase was the amount of contact time. The older subjects required 0.72 ms of contact time for the push-off phase, while the younger subjects only required 0.37 ms (p < 0.05). The older subjects required 94.6 percent greater contact time for the pushoff phase than the younger subjects. EMG and muscle coactivity showed no significant differences between the two groups during this phase.
DISCUSSION
Older adults were found to use substantially greater muscle pre-and coactivity during stair descent. Although Table. Maximal ground reaction forces applied to foot, leg stiffness, electromyography (EMG), and muscle coactivity data during stair descent for older (n = 16) and younger (n = 16) subjects. BW = body weight, L = leg length, SD = standard deviation, T 1 = prelanding phase, T 2 = impact phase, T 3 = push-off phase.
Parameter
both the older and younger subjects were found to have similar responses in muscle preactivation, EMG readings were 78.6 percent greater for knee extensor muscle control during the prelanding phase for older subjects. Additionally, older subjects were also found to use 128 percent greater muscle cocontraction during the prelanding phase. These data suggest that the older subjects needed greater anticipatory control of the lower-limb muscles when they performed stair descent. These anticipatory activities by the older subjects resulted in preactivation of knee extensor/flexor muscles before foot contact on the stair. Although preactivation in knee extensor/flexor muscles might cause older subjects to have an uncoordinated gait, this anticipatory strategy provided them a safer means of descending stairs. A greater cocontraction of the thigh muscles in older people during stair descent could allow them to generate knee extensor force, increase knee joint stability, and avoid knee buckling at impact phase [19] [20] . The present study confirmed previous observations that the magnitude of antagonist coactivation increased with age [21] .
In this work, we also observed that the older subjects had about 26.5 percent greater leg stiffness during stair descent compared with younger subjects. This result agrees with previous investigations [22] [23] . The greater leg stiffness seen in the older adults could result from their contacting the ground with straighter legs, i.e., flexing their knees less (especially at the impact phase), which indicates that they made a conscious or subconscious effort to set the limb position prior to impact. This difference in movement strategy could be interpreted as compensation for significantly reduced muscle strength [20, [24] [25] , a decline in proprioceptive capability [15, 26] , or a slowed rate of tension development [27] . To reduce the chance of falling, the older adults tended to increase their leg stiffness by cocontracting knee extensors/flexors and decreasing their knee flexion angles. This helped them anticipate a safer landing, but this posture results in greater reliance on the skeletal system and less reliance on the muscles for impact absorption during landing [28] [29] . The older adults needed greater thigh muscle cocontraction and straighter legs for landing in stair descent, which caused them to produce a higher loading rate on the lower limb. Rapid knee flexion at impact phase would decrease peak GRF because rapid knee flexion reduces effective mass of the lower limbs. On the contrary, maintaining a straighter leg at impact phase might increase peak GRF because effective mass of the lower limb remains constant. In our study, we found that older adults maintained less knee flexion angle and straighter legs at the impact phase of stair descent. These actions might result in a higher loading rate on their lower limbs.
At push-off phase, the subjects were preparing the leg for the next downward step. To decrease sudden GRF applied on the lower limb, the older adults' strategy was to increase push-off time on the other leg. This allowed the landing leg to have much more time for subsequent foot-to-floor contact. This compensatory mechanism could be also associated with degradation of muscle strength and a slower rate of muscle force production [20, 25, 30] .
CONCLUSIONS
Older adults developed different strategies for stair descent than the younger adults. These strategies included increased muscle pre-and coactivity at the prelanding phase, decreased knee flexion angle and leg displacement, increased leg stiffness and loading rate at the impact phase, and increased support time at the pushoff phase. Although this strategy may help the older adults anticipate a safer stair descent, this posture results in greater reliance on the skeletal system and less reliance on muscle system. An exercise program that emphasizes reconditioning muscle strength and increasing the tension development rate may help older individuals improve neuromotor control during stair descent.
